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The purpose of this experimental study was to observe the pathological and genotoxic effects of a systemic fungicide, Benomyl [methyl 1-(butyl carbamoyl)-2 benzimidazole carbamate] in male Japanese quails (Coturnix japonica). Benomyl (Benlate ® DoPont 50% w/w benomyl) at dose rates of 0, 100, 400 and 1000 mg/kg for 8 consecutive days was administered into crops of quails kept in different groups. A significant decrease (p < 0.05) in feed intake, body weight and relative weight of testes was observed in benomyl-administered quails in a dose related manner. The size of testes decreased in benomyl treated quails. Microscopically, seminiferous tubules of testes exhibited a decreased number of spermatocytes, necrotic spermatids and syncytial cell formation. The number of quails developing testicular alterations increased in a dose-related pattern. These alterations reversed following a withdrawal of benomyl with the exception of the 1000 mg benomyl group, where these persisted till the end of the experiment (56 th day). The mean tail length (µm) of the comets produced by leukocytes in single cell gel electrophoresis of 0, 100 and 400 mg dose level groups were 3.48, 3.24 and 3.29, respectively. The mean tail length of comets of the 1000 mg dose level group was 12.03 µm and significantly higher (p < 0.01) than in all other groups indicating DNA strand breaks at this dose level. These results suggested gonadotoxic effects of benomyl (Benlate ® ) and also a possible genotoxic effect at 1000 mg/kg level in Japanese quails.
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Benomyl [methyl 1-(butyl carbamoyl)-2 benzimidazole carbamate] is a systemic fungicide for a broad spectrum application at pre-and post-harvest stages of various food crops, fruits and vegetables. Benomyl and its primary metabolite, carbendazim, [methyl 2-benzimidazole carbamat], have been shown to be gonadotoxic and to induce a decrease in fertility, viability of sperm cells, decreased testes weight and testicular abnormalities in rats and dogs (Carter et al. 1987; Barnes et al. 1983; Linder et al. 1988; Hess and Nakai 2000; Rajeswary et al. 2007 ). Exposure of rat embryos cultured in vitro provided evidence that benomyl was a potential developmental toxicant affecting many indicators of differentiation, including optic development (Hewitt et al. 2005) . Benomyl and carbendazim are also known as aneuploidogens resulting in numerical chromosomal aberrations in vivo and in mammalian cells in vitro (Bentley et al. 2000) . There are conflicting reports of genotoxic effects of benomyl as tested by in vitro/in vivo techniques (Adhikari and Grover 1988). Many reports have described benomyl and carbendazim to give negative results in bacterial reverse gene mutation assays and/or bacterial DNA damage/repair tests (McCarroll et al. 2002) . However, bone marrow micronucleus assays showed that benomyl and carbendazim resulted in significantly increased micronucleated polychromatic erythrocytes (Seiler 1976; Sarrif et al. 1994) . Apart from domestic and wild mammals, birds living in the same ecological system and searching feed in the fields treated with benomyl are also exposed to this compound. Considerable data on the effects of benomyl and its metabolite upon mammalian species are available in the literature. However, only one report described the carbendazim-induced pathological changes in testes of Japanese quails (Aire 2005) and no report described genotoxic effects in avian species. This paper describes the experimentally induced pathological and genotoxic effects of benomyl in male Japanese quails (Coturnix japonica).
Materials and Methods
Experimental birds, feed and layout A total of 96 male Japanese quails of 43 days of age, free from any apparent clinical ailment, procured from a local quail farm were placed in metallic wire cages at ambient temperature and provided a 12/12 hours period of light/dark. A corn soybean meal-based feed (total protein 23%) and water was offered ad libitum for the duration of the experiment. Quails after one week of acclimatization and at attaining sexual maturity were divided into 4 groups (A, B, C, and D) of 24 birds each. Each group was kept in a separate cage. Benlate® (DUPONT), a fungicidal preparation containing benomyl and inert ingredients (50% w/w) was used as a source of benomyl. Benlate ® suspended in corn oil was administered directly into the crop of each bird using a crop tube for eight consecutive days. Dose level of Benlate® for each quail in groups A -D was calculated to provide 0, 100, 400 and 1000 mg of benomyl/kg body weight, respectively. Concentrations of benomyl in corn oil for different groups were prepared so that one ml of corn oil contained one dose.
The experiment lasted for 56 days, starting from the day of the first treatment with benomyl. Six birds from each group were humanely killed on days 8, 14, 28 and 56 of the experiment. The experiment was conducted following approval by the Directorates of Research, Advanced Studies and with the consent of Society of Ethics of Animals, University of Agriculture, Faisalabad, Pakistan. Killing of the birds was performed as per rules laid down by the Society of Ethics of Animals, University of Agriculture, Faisalabad, Pakistan.
Clinical evaluation
Birds in different groups were monitored and evaluated subjectively twice daily for clinical signs and behavioural alterations using different indicators including (i) alertness, (ii) attraction to feed, (iii) response on disturbance and (iv) crowing. Feed intake of each group was recorded on daily basis. The body weight of individual quails in each group was recorded weekly.
Pathology procedures
Visceral organs of each sacrificed quail were examined for the presence of gross lesions. Testes, liver, heart, kidneys and spleen were weighed and their relative weight was calculated as a percentage of the body weight. Tissues of about 5 mm thickness obtained from the middle portion of the testes were fixed in 10% neutral buffered formalin. These tissues were processed for histopathological examination using a routine paraffin-wax embedding method. Sections of 5 μm thickness were stained with haematoxylin and eosin.
Collection and storage of blood leukocytes
Venous blood was collected from each bird killed at day 8 of the experiment into a tube containing EDTA (2 mg/ml) as an anticoagulant. Blood was centrifuged to separate plasma and cells. The buffy coat (leukocytes) of each blood sample was collected into an Eppendorf tube and stored at -20 °C.
Single cell gel electrophoresis
The alkaline single cell gel electrophoresis of leukocytes was performed as described (Singh et al. 1988) . All the chemicals used were obtained from Sigma (Sigma St. Louis, MO USA). Comets were identified as a diffused "cloud" of DNA material fluorescing around the nuclei or making a tail in the direction of the electric field. Tail lengths of 50 comets, in each slide, were measured from the edge of each nucleus using a calibrated ocular micrometer.
Statistical analysis
The data obtained were subjected to statistical analysis using an analysis of variance test. The group means were compared by Duncan's multiple range test. Data on tail lengths of comets of different groups were compared by t-test, using the statistical software package (M-Stat). The level of significance was p ≤ 0.05.
Results

Clinical signs and behavioural alterations
Within five minutes of benomyl administration, quails of different groups showed depression. This depression lasted for ca 1 h. For this reason all observations were recorded 2 and 8 h after the administration of benomyl. Clinical signs and behavioural alterations during the experiment included a reduced desire to feed and drink (attraction towards feed and water) and reduced responses to disturbance. Benomyl-dosed quails also exhibited a decreased frequency of crowing. All the signs and behavioural alterations occurred in a dose-related manner, being most intense in group D, most subtle in group B and absent in controls (group A). After cessation of the benomyl administration, the clinical signs and behavioural alterations gradually returned to normal. This return to normal behaviour also occurred in a dose-related manner, being earliest to disappear in group B (day 11 of the experiment) and latest in group D (day 14 of the experiment).
Body weight
Body weights of the quails (Table 1) of groups C and D on day 14 were significantly lower than of the control birds (group A). On days 21, 28 and 35, all the treatment groups had significantly lower body weights than the control birds. However, on day 56 there was no significant difference in the body weight between the control group and treated groups.
Feed intake
Feed intake (g/bird/day) of Japanese quails (Table 2 ) in all treatment groups remained significantly lower than that of control till day 35 of the experiment with the decrease occurring in a dose-related manner. On days 42, 49 and 56, the feed intake of quails in groups C and D was not significantly different from that of the control group (A), however, group B showed a significantly higher feed intake than controls on days 42 and 56.
Organ weights
The mean relative weights (Table 3) of testes on day 8 of the experiment were significantly lower in groups B, C and D compared with group A. On days 14 and 28, group B differed non-significantly from group A, whereas groups C and D had significantly lower relative testicular weights from that of group A. On day 56 quails of group D had significantly lower weights of testes than the control birds.
The relative weight of the liver on day 8 was significantly higher in groups C and D. On day 14 those in group D had a significantly higher liver weight compared to group A. Relative weights of the spleen, kidney and heart of quails of all groups did not differ significantly from each other throughout the experiment and hence are not presented.
Gross lesions
Testes of quails from all treatment groups showed a decrease in size in comparison with controls as shown in Table 4 . On days 8 and 14 of the experiments smaller testes were present in quails of all benomyl-dosed groups, and their number increased in a dose-related pattern, being highest in group D. On days 28 and 56 smaller testes were observed only in group D. Lesions in other organs on day 8 comprised of petechial haemorrhages in the thigh muscles of quails in all benomyl-dosed groups. Livers were lighter in colour and moderately enlarged in groups C and D. No gross lesions were observed in quails killed on other days.
Histopathology
Cells at all stages of spermatogenesis were represented in the seminiferous tubules of control quails in group A slaughtered at different stages of the experiment.
In group B, on day 8 of the experiment, smaller testes had seminiferous tubules lined by spermatogonia and spermatocytes but no spermatids or spermatozoa were present. On day 14 the seminiferous tubules of two out of six quails had darkly stained pyknotic nuclei in 212 In group C, on day 8 of the experiment, quails having smaller testes showed pyknotic nuclei of round spermatids and no spermatozoa were present in the seminiferous tubules. A similar pattern was observed in two out of six quails killed on days 14 and 28. On day 56 the histological picture of the testes of all the quails was similar to that of the control birds.
In quails of group D, on day 8 the testes from two birds had two to three layers of cells lining the seminiferous tubules. In other quails the lumens of many tubules contained a mixture of desquamated germinal epithelial cells. On day 14 the seminiferous tubules of four quails had fewer spermatocytes when compared to those of the control birds and a few or no bunches of young spermatozoa were present in the tubules. In two birds large syncytial cells with up to eight nuclei were present in the germinal epithelial layer. On day 28, the germinal epithelium comprised of spermatogonia, spermatocytes and spermatids but no young spermatozoa. Empty spaces were frequently present between the cells. The population density of these cells was lower than those of controls. In many tubules round spermatids had dark pyknotic nuclei. On day 56 of the experiment, two quails with smaller testes had the same histological picture as on day 28 while in the other birds the tubules appeared similar to those of the control group.
Single Cell Gel Electrophoresis Assay
The comets were observed as DNA material fluorescing around the nuclei and making a "tail" of variable length along the electric field (Table 5) . In groups A, B and C, over 97% of the comets had a tail length of less than 5 m, while the remaining 3% had a tail length ranging from 5 to 10 m. Comet tails in these groups were present in a diffuse form around the nuclei. In group D, 65% of the cells had comet tails with lengths of less than 5 m, 6.17% from 5 -10 m and remaining (28.3%) more than 10 m. The mean tail lengths of the comets (± standard deviation) produced by the leukocytes of groups A, B, C and D was 3.48 ± 1.21, 3.24 ± 1.29, 3.29 ± 1.34 and 12.032 ± 19.35 micrometers, respectively. T-test performed on the data showed that groups B and C differed non-significantly from the control group, while group D had a significantly (p ≤ 0.01) higher tail length compared to all other groups.
Discussion
Acute and chronic toxicity of benomyl has been well established in mammals by various workers both in field and experimental conditions. However, information about its toxicity in avian species is scarce in the literature. In the present study Benlate® which contains 50% benomyl (w/w) was used as a source of benomyl. Dose levels of benomyl and the duration of exposure were decided arbitrarily as no toxicological data was available in avian species. Clinical signs and behavioural alterations of the quails in the present study Table 5 . Tail lengths of the comets produced by DNA extracted from leukocytes of male Japanese quails treated with four different doses of benomyl were non-specific. A decrease in crowing in the high dose groups correlated with depressed sexual activity that might have been a result of testicular lesions observed following benomyl administration. However, alterations have not been reported in sexual behaviour of Japanese quails (Aire 2005) fed carbendazim (a metabolite of benomyl) and also in rat and mice (Barnes et al. 1983; Linder et al. 1988 ) following benomyl administration. A significant decrease in the body weight of the benomyl-treated quails occurred concurrently with a decrease in the feed intake suggesting that the latter could have been the cause of decreased body weight. A decrease in the feed intake and body weight has been reported previously in rats and mice given benomyl (Hurtt et al. 1993; Warheit et al. 1989 ). However, Rajeswary et al. (2007) mentioned no effect of carbendazim on the body weight of rats. The most consistent finding in the benomyl-treated quails was a decrease in weights of testes that occurred in a dose-related pattern. Similarly Aire (2005) also reported a decrease in the weight of testes exposed to benomyl. Benomyl and its metabolite carbendazim have been reportedly found to be toxic for the male reproductive system in mammalian species and a decrease in the weight of the testes has been reported consistently for rats (Barnes et al. 1983; Linder et al. 1988; Hess et al. 1991; Rajeswary et al. 2007 ). In the present study the number of birds having smaller testes in the different treatment groups increased in a dose-related manner. An increase was reported in the testes weight in rats in the first 96 h followed by a decrease (Nakai et al. 1992) . In the present study the quails killed on day 8 of the experiment did show a decrease in the testes weight. Microscopic changes observed in the smaller sized testes of the quails in the present study are similar to those described for carbendazim toxicity in Japanese quails (Aire 2005) and rats dosed with benomyl. Hypospermatocytogenesis and generalized disruption of germinal epithelium in adult male Sprague-Dawley rats have been reported (Carter and Laskey 1982) . In adult Wistar male rats a decreased weight of testes, reduced caudal sperm reserves, decreased sperm production and increased number of multinucleated giant cells in seminiferous tubules had been reported (Linder et al. 1988) .
Some authors reported sloughing of the immature germ cells at all stages of the cycle in the seminiferous tubules of male rats (Hess et al. 1991; Nakai et al. 1992) . The presence of smaller testes with histological evidence of aspermatocytogenesis in two quails administered 1000 mg of benomyl/kg body weight, even on day 56 of the experiment, suggested that these two particular birds might have developed an irreversible damage to the testes. However, an increase in the testicular weight and a decrease in number of quails showing histological alterations in benomyl-treated groups in the later stages of the experiment suggested a reversibility of damage to the testes. Reversibility of the testicular changes has been reported in rats (Barnes et al. 1983 ) while other authors reported benomyl and carbendazim to induce irreversible testicular damage in rats (Carter et al. 1987; Hess and Nakai 2000; Hess et al. 1991) .
In mammalian species benomyl and its primary metabolite carbendazim, apart from their effects on male gonadal tissue, are known to produce chromosomal aberrations (Georgieva et al. 1990; Zalesco et al. 1990; Matsuo et al. 1999) , teratogenic effects (Hewitt et al. 2005) and suspected as being mutagens (Adhikari and Grover 1988; Bianchi-Santamaria et al. 1997) . In the present study single cell gel electrophoresis (alkaline comet assay) was used to detect the ability of benomyl to produce breaks in DNA strands. The comet assay is a rapid and sensitive method for the detection of DNA strand breakage in individual cells induced by a variety of genotoxic agents (Fairbairn et al. 1995) . Based on formation of comets as a diffuse collection of DNA material around the nuclear heads, short comet tails and non-significant differences of comet tail lengths from the control groups fed no benomyl, the leukocytes of the quails administered up to 400 mg benomyl/kg body weight did not show any evidence of damage to DNA. Development of significantly longer comet tails in birds of 1000 mg/kg group suggested a break of DNA strands. Benomyl and carbendazim have been reported by some workers to produce micronuclei in polychromic erythrocytes and normochromic erythrocytes (Sarrif et al. 1994; Bianchi-Santamaria et al. 1997) . A benomyl-induced increase in micronuclei in polychromatic erythrocytes has been reported at 1000 mg/kg but not at 500 mg/kg (Seiler 1976) . Studies in vitro, however, have suggested that benomyl or its metabolite carbendazim did not result in DNA damage in human lymphocytes (Lebailly et al. 1997) and Chinese hamster ovary (CHOKI) cells (Vigreux et al 1998) . DNA strand breaks evidenced by comets produced at 1000 mg benomyl/kg in quails suggested that at such dosage benomyl might have some clastogenic activity in the birds. Damage to the chromosome structure has been considered as "inevitable consequence" of aneuploidies that might induce a low level of clastogenicity just as clastogens might induce a low level of aneuploidy (Aardema et al. 1998 ).
The present study described the toxicopathological effects of benomyl in avian species and also evinced the DNA strand breakage by comet assay at high dose levels (1000 mg/ kg body weight for 8 days). However, further work is needed to establish the genetic toxicology of benomyl in avian species.
Patologický účinek Benomylu na samce japonských křepelek (Coturnix japonica)
Cílem této studie bylo zjišťování patologických a genotoxických účinků systemického fungicidu Benomilu, [methyl 1-(butyl carbamoyl) -2 benzimidazol karbamát], na samce křepelek japonských (Coturnix japonica). Benomyl (Benlate ® DoPont 50% w/w benomyl) byl 8 po sobě následujících dnů podáván v dávkách 0, 100, 400 a 1000 mg·kg -1 do zrní odděleným skupinám křepelek. V závislosti na dávce Benomylu docházelo k významnému poklesu (p < 0,05) příjmu potravy, váhy a relativní hmotnosti varlat. U křepelek, kterým byl podán Benomyl, došlo k makroskopickému zmenšení varlat.
Mikroskopicky bylo v seminiferních kanálcích méně spermatocytů, byly pozorovány nekrotické spermatidy a buněčná syncytia. Počet křepelek, u kterých se projevily změny na varlatech se zvyšoval v závislosti na dávce. Tyto změny vymizely po ukončení podávání Benomylu, s výjimkou skupiny s dávkováním 1000 mg Benomylu, kde byly změny stále přítomny i v době ukončení experimentu (56. den). Průměrná délka ocasu komety (µm) vzniklého cestováním leukocytů v gelu při elektroforéze byla 3,48, 3,24 a 3,29, u skupin po dávkách 0, 100 a 400 mg. Průměrné délky ocasů komet při dávce 1000 mg byly 12,03 µm, takže byly signifikantně delší ve srovnání s ostatními skupinami, což dokládá porušení řetězce DNA při tomto dávkování. Tyto výsledky poukazují na gonadotoxický efekt benomylu (Benlate®) a možný genotoxický účinek na japonské křepelky v dávce 1000 mg·kg -1 .
